Controllable two-dimensional robust multiferroic GaTeCl monolayer with
  giant ferroelectricity and superior multifunctions by Zhang, Shi-Hao & Liu, Bang-Gui
ar
X
iv
:1
71
1.
02
49
4v
2 
 [c
on
d-
ma
t.m
es
-h
all
]  
23
 N
ov
 20
17
Controllable two-dimensional robust multiferroic GaTeCl monolayer with giant
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We propose through first-principles investigation that GaTeCl monolayer is an excellent two-
dimensional multiferroics with giant mechanical anisotropy and ferroelasticity. The calculated
phonon spectrum, molecular dynamic simulations, and elastic modules confirm its stability, and
our cleavage energy analysis shows that exfoliating one GaTeCl monolayer from the GaTeCl bulk is
feasible. The calculated in-plane ferroelectric polarization reaches to 578 pC/m. The energy barriers
per formula unit of the ferroelastic rotational and ferroelectric reversal transitions are 476.2 meV
and 754.1 meV, respectively, which are the greatest in the two-dimensional multiferroics family so
far, and makes the GaTeCl monolayer have robust ferroelasticity and ferroelectricity under room
temperature. Uniaxial stress along the polarization direction can make the indirect gap transit to
direct gap. Furthermore, the GaTeCl monolayer has giant piezoelectricity and optical second har-
monic generation, especially for the range of visible light. These interesting mechanical, electronic,
and optical properties of the GaTeCl monolayer show its great potential for multi-functional devices
and nonlinear optoelectronic applications.
I. INTRODUCTION
Ferroelectric materials have played an important role
in various electronic devices [1–6]. Thin-film ferro-
electric materials have attracted a lot of attention for
many applications, but in the ultrathin film, the small
thickness induces enormous depolarizing field and sup-
presses ferroelectric dipoles perpendicular to the sur-
face. For example, the polarization only exists when
the thickness of film is larger than 24 A˚ for BaTiO3 [2]
or 12 A˚ for PbTiO3 film [3]. In order to overcome
this limitation, one sought ferroelectricity in atomistic
monolayers, bilayers, and multi-layers, such as distorted
1T-MoS2 [7], AgBiP2Se6 [8], group-IV monochalco-
genides [9–12], BiN [13], unzipped graphene oxide mono-
layer [14]. Especially, the group-IV monochalcogenides
monolayer, as two-dimensional multiferroics [10–12],
shows very interesting phenomena: the piezoelectric ef-
fect [9], giant photovoltaic effect [15], anisotropic ther-
moelectric response [16], and giant optical second har-
monic generation [17]. This monolayer can also be used
to make new promising electrode materials for Li-ion bat-
teries [18] in energy storage and conversion technologies
and can be used for water splitting [19] in catalysis tech-
nology.
On the other hand, there are only few two-dimensional
multiferroics (e.g. ferroelasticity and ferroelectricity) so
far. It is highly desirable to seek high-performance two-
dimensional multiferroics. Because layered GaTeCl bulk
material was synthesised experimentally in 1981 [20], it
is of much interest to investigate the GaTeCl monolayer
for promising ferroelectricity, ferroelasticity, and other
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useful properties. Through systematical first-principles
investigation, we find that exfoliating one GaTeCl mono-
layer from the GaTeCl bulk is feasible, and the GaTeCl
monolayer has strongly mechanical anisotropy, the giant
ferroelasticity, and large ferroelectric polarization (578
pC/m). Furthermore, its great energy barriers of ferroe-
lastic and ferroelectric transitions guarantee the robust-
ness of ferroelasticity and ferroelectricity at high tem-
perature. Our first-principles study also shows that un-
der incident light, the GaTeCl monolayer has enormous
optical second harmonic generation and the intensity is
strongly anisotropic, which can be observed experimen-
tally. More detailed results will be presented in the fol-
lowing.
II. COMPUTATIONAL METHODS
The first-principles calculations are performed with
the projector-augmented wave (PAW) method [21] im-
plemented in the Vienna Ab initio Simulation Package
(VASP) [22]. The generalized gradient approximation
(GGA) by Perdew, Burke, and Ernzerhof [23] is taken
as the exchange-correlation potential. We carry out the
Brillouin zone integration with a Γ-centered (15×15×1)
Monkhorst-Pack grid [24]. The structures are fully op-
timized until all the Hellmann-Feynman forces on each
atom are less than 0.02 eV/A˚ and the total energy
difference between two successive steps is smaller than
10−6 eV. Heyd-Scuseria-Ernzerhof (HSE06) [25–27] hy-
brid functional are also used in the energy band calcu-
lations. To ensure the structural stability of the mono-
layers, phonon spectra are calculated through the den-
sity functional perturbation theory in the PHONOPY
program [28]. Van der Waals correction with the D2
method [29] is taken into account in the exfoliation
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FIG. 1. The top view (a) and side view (b) of the GaTeCl monolayer, where the red, blue, and gray balls represent Ga, Te,
and Cl atoms, respectively. (c) The phonon spectra of GaTeCl monolayer, showing that there is no imaginary frequencies.
(d) The cleavage strength σ and cleavage energy Ecl versus the separation distance d in the process of exfoliating one GaTeCl
monolayer from the GaTeCl bulk. (e) The top snapshot view of the GaTeCl monolayer after molecular dynamic simulations at
the temperature of 550 K, showing the stability up to 550 K.
energy calculation. We use Berry phase method to
obtain the ferroelectric polarization [30]. The mini-
mum energy pathways of ferroelastic and ferroelectric
transitions are calculated through nudged elastic band
(NEB) method [31]. Optical second harmonic genera-
tion susceptibility tensor [32–34] is calculated with the
ABINIT package [35, 36] with a dense k-point sampling
of 60×60×1 and 70 electronic bands to ensure the con-
vergence.
III. RESULTS AND DISCUSSION
A. Structure and stability
The optimized crystal structure of the GaTeCl mono-
layer can be seen in Fig. 1(a,b). The calculated lat-
tice constants are 4.17 A˚ along the x axis and 5.94 A˚
along the y axis. Although the GaTeCl bulk obeys the
Pnnm space group and is centrosymmetric, the GaTeCl
monolayer obeys Pmn21 and becomes noncentrosymmet-
ric. In the GaTeCl monolayer, each Ga atom connects
three Te atoms and one Cl atom. The lengthes of Ga-Te
and Ga-Cl bonds are 2.67 A˚ and 2.21 A˚, and the angle
the bonds make with respect to the y axis are 60.2o (Ga-
Te) and 68.7o (Ga-Cl), respectively. The phonon spectra
presented in Fig. 1(c) proves that there is no imaginary
frequencies. To investigate the accessibility of exfoliation,
we calculated the cleavage strength σ and cleavage energy
Ecl shown in Fig. 1(d). Here, the cleavage strength is
estimated by σ = ∂Ecl/∂d, and d is the separation dis-
tance. The cleavage energy is 0.23 J/m2, and the maxi-
mum cleavage strength is 1.0 GPa. They are comparable
to the graphite (0.37 J/m2 and 2.10 GPa) [37, 38]. These
confirm that exfoliation of the GaTeCl monolayer is fea-
sible, and one GaTeCl monolayer can be exfoliated from
the GaTeCl bulk [20], as is shown in the inset of Fig. 1(d).
The ab-initial molecular dynamic simulations of 4×4 su-
percell (96 atoms) at 550 K with 3 ps time show that the
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FIG. 2. The angular dependence of Young’s module (a) and
Poisson’s ratio (b) of the GaTeCl monolayer. The zero degree
corresponds to the x axis.
system is stable up to 550 K with small distortion of Cl
atom’s position, as shown in Fig. 1(e), which confirms
the dynamical stability of the GaTeCl monolayer.
The calculated elastic constants, namely C11 = 42.1
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FIG. 3. (a) One of the minimal energy pathway of ferroelastic rotational transition in the GaTeCl monolayer. (b) The four
degenerate ferroelastic and ferroelectric phases (P±x and P±y), the four rotational transition states (P[±1,±1], ferroelectric),
and the reversal transition state (P0). (c) Double well potential of ferroelectric reversal transition in the GaTeCl monolayer,
where the inset is calculated total polarization strength as a function of normalized displacement along the y axis.
N/m, C22 = 20.5 N/m, C12 = 9.1 N/m, and C66 = 13.8
N/m, satisfy the criteria of mechanical stability for two-
dimensional materials: C11C22 > C12C21 and C66 > 0
[39]. For the orthogonal symmetry, the Young’s module
and Poisson’s ratio can be estimated by [40]
Y (θ) =
C11C22 − C
2
12
C22 cos4 θ +A cos2 θ sin
2 θ + C11 sin
4 θ
, (1)
ν(θ) =
C12 cos
4 θ −B cos2 θ sin2 θ + C12 sin
4 θ
C22 cos4 θ +A cos2 θ sin
2 θ + C11 sin
4 θ
. (2)
where we have A = (C11C22 − C
2
12)/C66 − 2C12 and
B = C11+C22−(C11C22−C
2
12)/C66, and θ is the angle of
the direction with respect to the x axis. The calculated
angular dependences of the Young’s module and Pois-
son’s ratio are presented in Fig. 2. The Young’s module
varies from 20.5 to 42.1 N/m, and the Poisson’s ratio
ranges from 0.12 to 0.45 (one of the minima occurs at
48o), which shows that the GaTeCl monolayer has giant
mechanical anisotropy.
B. Ferroelasticity and Ferroelectricity
It is noted that the lattice constants of the GaTeCl
monolayer along the x and y axes are different. The sys-
tem obeys mirror symmetry (Mx: x → -x) and the non-
centrosymmetric cell undergoes the spontaneous strain
along both of the x and y axes. Actually, there are four
degenerate ground-state phases, P±x and P±y, for the
GaTeCl monolayer, as shown in Fig. 3. Here, we as-
sign the x ferroelastic axis to P±x, and the y ferroe-
lastic axis to P±y. For the each of P±x phases, there
is a mirror symmetry Mx, and the monolayer expands
along the y axis and is compressed along the x axis; and
for the P±y, x and y needs be interchanged. It can be
seen by comparing with Fig. 1 that the ground-state
phase presented above is P−y because its polarization is
in the -y direction. A rotational transition path between
P−y and P−x is shown in Fig. 3(a). This transition is
through the para-elastic P[−1,−1] state. The transition
can be described by a transformation strain matrix ηy
that can be obtained with Green-Lagrange strain ten-
sor [41], ηy = ([H
−1
ref ]
THTy HyH
−1
ref − I)/2, where I is 2×2
identity matrix [1,0;0,1], and Hy = [4.17, 0; 0, 5.94] and
Href = [4.76, 0; 0, 4.76] represent lattice parameters of the
ferroelastic and paraelastic structures along the x and y
axes, respectively. Then the diagonal matrix ηy for the
P±y phases is [-0.116,0;0,0.279] which means that 27.9%
tensile strain along the y axis and 11.6% compressive
strain along the x axis. Similarly, the strain matrix ηx
for the P±x phase is [0.279,0;0,-0.116] implying 27.9%
tensile strain along the x axis and 11.6% compressive
strain along the y axis. The ferroelasticity of the GaTeCl
monolayer is giant compared with other two-dimensional
multiferroics (for instance, it is [-0.027,0;0,0.041] for GeSe
monolayer) [11], as shown in Table I. It is necessary to
calculate the energy barrier in the ferroelastic transition.
Nudged elastic band (NEB) calculation, as shown in Fig.
3(a), reveals that the energy barrier Ebo is 476.2 meV
per formula unit, which is much larger than those of
other two-dimensional multiferroics, as shown in Table.
I. This ensures the robustness of the ferroelasticity under
room temperature.
Ferroelasticity does not always accompany ferroelec-
tricity. For example, black phosphorus monolayer has
ferroelasticity [42], but does not have ferroelectricity, be-
cause it has only P-P covalent bonds and fails to form
dipole moments. As for the GaTeCl monolayer, our Berry
phase analysis of ferroelectric transition shows that the
polarization P is equivalent to 578 pC/m, as shown in
Fig. 3(c) and Table I. Compared with GeSe monolayer
family [10, 11], the existence of Ga-Cl bond in the GaTeCl
monolayer offers extra dipole moments and leads to the
large polarization. To inspect the robustness of the fer-
roelectricity, we calculate the energy barrier per formula
unit in the ferroelectric reversal transition over the para-
electric P0 state, Ebe, and it reaches to 754.1 meV, which
implies that the ferroelectricity should survive beyond
room temperature. The energy barrier of the GaTeCl
4TABLE I. The semiconductor gap Eg, matrix elements η11 and η22 of transformation strain matrix ηy , polarization P , energy
barriers of ferroelastic rotational transition Ebo and ferroelectric reversal transition Ebe, the changes of polarization strength
under strain along polarization direction e22, and maximum sheet second harmonic generation susceptibility |χ
(2)|max of the
GaTeCl monolayer and other two-dimensional multiferroics MX monolayers (M = Sn, Ge; X = S, Se) [9–12].
Name Eg (eV) η11 η22 P (pC/m) Ebo (meV) Ebe (meV) e22 (C/m) |χ
(2)|max (pm
2/V)
SnS 1.37 -0.019 0.028 247. 8.6 33.1 18.1×10−10 1.0×106
SnSe 0.77 -0.009 0.010 187. 2.8 6.5 34.9×10−10 4.0×106
GeS 1.23 -0.070 0.141 441. 56.4 464.0 4.6×10−10 0.5×106
GeSe 1.04 -0.027 0.041 340. 19.2 95.3 12.3×10−10 5.2×106
GaTeCl 2.31 -0.116 0.279 578. 476.2 754.1 -2.17×10−10 1.0×106
-2
0
2
4
E 
- E
F (
eV
)
X M Y
Cl-p Ga-s Ga-p Te-p
2.31eV
0%
-2
0
2
4
E 
- E
F (
eV
)
X M Y
2.31eV
2%
-3 -2 -1 0 1 2 3 4
0
5
10
15
20
25
D
O
S
E - EF (eV)
         Total
 Cl-p
 Ga-s
 Ga-p
 Te-p
(a) (b) (c)
FIG. 4. (a) The energy bands of the GaTeCl monolayer without strain, where the weight contribution from Cl-p, Ga-s, Ga-p,
and Te-p orbitals are also shown. (b) The corresponding total and partial density of states. (c) The energy bands of the GaTeCl
monolayer under 2% uniaxial strain along the y axis.
monolayer is the greatest in the two-dimensional multi-
ferroics family so far, as shown in Table I. Our analysis
shows that the Coulomb repulsive interaction between
Te and Cl atoms makes the system electrostatically ro-
bust and increases the cost of phase transitions, thus the
energy barriers of the ferroelastic and ferroelectric tran-
sitions are very high.
It is noted that each of the para-elastic P[±1,±1] states
has ferroelectricity, and P0 has neither ferroelasticity nor
ferroelectricity. The energy barrier for the ferroelastic
rotational transition over P[±1,±1] is much smaller than
that of the ferroelectric reversal transition over P0. It
should be pointed out that the ferroelectric polarization
can be successfully reversed through two steps of the ro-
tational transitions with nearly half the energy barrier.
As usual, this multiferroics can have piezoelectric ef-
fect. The piezoelectric coefficients eijk are third-rank ten-
sors defined by eijk = ∂Pi/∂ǫjk [9, 43], where Pi is the
polarization along the i direction and ǫjk is the strain
with the jk subscripts. In this Pmn21 space group, there
is only five non-zero piezoelectric constants in Voigt nota-
tion: e21 = -1.00×10
−10 C/m, e22 = -2.17×10
−10 C/m,
e23 = -0.18×10
−10 C/m, e16 = -1.64×10
−10 C/m, and
e34 = 1.15×10
−10 C/m. Especially, the e22 (changes of
polarization strength under strain along polarization di-
rection) of the GaTeCl monolayer is negative while those
of other piezoelectric materials (MX monolayer [9], tran-
sition metal dichalcogenide monolayer [44], BN mono-
layer [44], GaSe monolayer [45] and others) are positive,
as shown in Table I. This extraordinary feature can make
the GaTeCl monolayer unique and applicable in tunable
piezoelectric applications.
C. Electronic structures
Our electronic structure calculation shows that the
GaTeCl monolayer is a semiconductor with indirect band
gap of Eg = 2.31 eV when the spin-orbit coupling is not
taken into account. Its valence band maximum (VBM)
is located at Γ point, and the conduction band minimum
(CBM) is between Γ and Y points, as shown in Fig. 4(a).
The energy levels of VBM and CBM are at -8.76 eV and
-6.36 eV with respect to the vacuum energy level, respec-
tively. The effective mass at the VBM is 0.41m0 along
the x axis and 1.78m0 along the y axis, and the effec-
tive mass at the CBM is 0.81m0 along the y axis, where
m0 is the electron mass. The energy bands and density
of states are presented in Fig. 4, where the spectrum
weight contributions from Cl-p, Ga-s, Ga-p, and Te-p or-
bitals are also shown. The Cl-p, Ga-s, Ga-p, and Te-p
orbitals contribute 17%, 0%, 12%, and 71% to the VBM,
and 10%, 46%, 10%, and 34% to the CBM, respectively.
When the spin-orbit coupling effect is taken into account,
the GaTeCl monolayer is still a semiconductor with indi-
rect band gap of 2.16 eV.
Uniaxial tensile stress along the y direction (the polar-
ization direction) can tune the band gap of the GaTeCl
5monolayer. Without strain, the CBM of the monolayer
is 39.1 meV lower than the lowest conduction band at
the Γ point, but 2% tensile strain along the y direc-
tion (Poisson’s effect is taken into consideration) makes
the indirect band gap transit to the direct band gap, as
shown in Fig. 5(c), and the original CBM remains 9.5
meV higher than the new CBM. Further tensile strain
decreases the direct band gap, making the gap become
2.25 eV under 5% uniaxial strain along the y direction.
When the exchange-correlation functional is switched to
HSE06, the semiconductor gap at zero strain becomes
2.82 eV, and the indirect-direct band gap transition due
to uniaxial tensile strain remains true.
D. Optical second harmonic generation
When the incident light with electric field vector E
irradiates the material, the material will be polarized and
the electric polarization can be calculated by
P = P0 + χ
(1)
E+ χ(2)E2 + χ(3)E3 + · · · (3)
where P0 is the spontaneous polarization of the mate-
rial in the absence of electric field. χ(1) is linear opti-
cal susceptibility and χ(n) is non-linear optical suscep-
tibility (n ≥ 2). For a monochromatic electric field,
Ea = Ea(ω)e−iωt + c.c., the second order polarization
can be defined by
P (2)a (t) = χ
(2)
abc(−2ω;ω, ω)E
b(ω)Ec(ω)e−2iωt + c.c. (4)
Because the GaTeCl monolayer obeys the point group
C2v (mm2), it has five independent second harmonic gen-
eration susceptibility tensor elements: χ
(2)
yxx, χ
(2)
yyy, χ
(2)
yzz,
χ
(2)
xyx = χ
(2)
xxy, and χ
(2)
zzy = χ
(2)
zyz. In order to compare with
other materials, we use the sheet optical susceptibility
χsheet = χbulk×Lz [17] where Lz = 2× 3.4+ dz includes
the van der Waals thickness on both sides (3.4 A˚ on each
side) and the thickness of two-dimensional materials dz
(2.73 A˚ for the GaTeCl monolayer).
The second harmonic generation susceptibility tensor
elements as functions of photon energy are presented in
Fig. 5(a). The χ
(2)
yxx component is most notable. As
shown in Table I, the maximum of magnitude of the cal-
culated sheet second harmonic generation susceptibility,
|χ(2)|max, reaches to 1.00×10
6 pm2/V at 2.39 eV, which
is comparable to those of MX monolayers (M = Sn, Ge;
X = S, Se) and much larger than those of MoS2 mono-
layer (3.02×105 pm2/V) and BN monolayer (6.38 ×104
pm2/V) [17]. This sheet second harmonic generation sus-
ceptibility is advantageous over the others for the range
of visible light. The optical second harmonic genera-
tion effect can be observed by shedding linearly polarized
laser beam on the material, and then measuring the dif-
ferent polarization component of outgoing response and
inspecting the angular dependence [46]. For the angle-
dependent second harmonic generation susceptibilities,
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FIG. 5. (a) The sheet second harmonic generation suscep-
tibilities in the GaTeCl monolayer. (b) Red (or blue) line
represents the second harmonic generation intensity parallel
(or perpendicular) to the polarization E(ω) of the incident
electric field at ω = 2.39 eV. Here, θ is the angle made be-
tween E(ω) and the x axis.
they can be computed by
χ
(2)
‖ (θ) = (χ
(2)
xyx + χ
(2)
yxx) sin θ cos
2 θ + χ(2)yyy sin
3 θ (5)
χ
(2)
⊥ (θ) = (−χ
(2)
xyx + χ
(2)
yyy) cos θ sin
2 θ + χ(2)yxx cos
3 θ (6)
where ‖ (⊥) represent the polarization components of
the second harmonic generation response parallel (per-
pendicular) to the polarization of incident electric field
E. θ is the angle between the incident electric field E
and the x axis. The second harmonic generation power,
which can be measured in the experiment, is proportional
to |χ
(2)
‖ (θ)|
2 and |χ
(2)
⊥ (θ)|
2. The results of |χ
(2)
‖ (θ)|
2 and
|χ
(2)
⊥ (θ)|
2 at ω = 2.39 eV are presented in Fig. 5(b). The
maximum of power (|χ
(2)
yxx|2) occurs at θ = 0, reaching to
1.00×1012 pm4/V2. The giant optical second harmonic
generation makes the GaTeCl monolayer very interesting
to nonlinear optoelectronic devices in the range of visible
light.
6IV. CONCLUSION
We have predicted that the GaTeCl monolayer is a
two-dimensional multiferroic semicondcutor with indi-
rect bandgap of 2.31 eV. The low cleavage energy and
strength indicate that the exfoliation of this monolayer
from the GaTeCl bulk is feasible. Because of its special
structure, the monolayer has strongly angle-dependent
Young’s module and Poisson’s ratio. The GaTeCl mono-
layer has giant ferroelasticity and undergoes spontaneous
27.9% tensile strain along the y axis and 11.6% compres-
sive strain along the x axis. Our NEB calculation shows
that the energy barrier of ferroelastic rotational transi-
tion is 476.2 meV per formula unit which can make the
ferroelasticity of the monolayer robust against distortion.
Besides, the GaTeCl monolayer has giant ferroelectricity,
with the polarization reaching to 578 pC/m. The energy
barrier of 754.1 meV for the ferroelectric reversal transi-
tion ensures the strong robustness of the ferroelectricity
under high temperature. Our piezoelectric calculation
shows that the GaTeCl monolayer has very large piezo-
electricity. The second harmonic generation susceptibil-
ity calculations reveal that the GaTeCl monolayer has
giant optical second harmonic generation with the inten-
sity being strongly anisotropic, advantageous for manip-
ulation and applications for the visible light. Therefore,
we believe that because of with all these excellent prop-
erties in one single two-dimensional monolayer material,
the GaTeCl monolayer can be used to achieve promis-
ing multi-functional devices and nonlinear optoelectronic
technologies.
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